First, finite control set-model predictive control (FCS-MPC) method is used to operate the MC. Meanwhile, based on the analysis of the operating state under fault condition, the fault model of MC is established. Second, the fault diagnosis strategy is implemented in three steps: to begin with, the occurrence of fault is detected by monitoring the measured load currents. Then, the faulty phase is identified considering the output line-to-line voltage error. After that, by using the switching state of the faulty phase, the faulty switch is located. The fault diagnosis method can accurately and quickly locate the faulty switch without additional voltage sensors. Finally, simulation results are presented to demonstrate the feasibility and effectiveness of the proposed strategy.
Matrix converter (MC) is a promising AC-AC converter. Compared with the conventional power converters, it possesses the advantages of bi-directional power flow and four-quadrant operation, sinusoidal input or output currents, alterable power factor, high power density and no DC-link elements [1] [2] . Nevertheless, the components of MC are prone to suffer several kinds of electrical faults. The components mainly include capacitors, PCB, semiconductor, solder joint, connectors and others [3] [4] . Among them, the power device module is the most vulnerable components, which account for 34% of failures in converter system (21% of semiconductor and 13% of solder joint). When an open-switch fault occurs in one phase of the MC, the clamp circuit has to permit the flow of current that originally flowed through the faulty phase, and then the clamp voltage would be larger than before. This would accelerate the damage in a normal switch and the occurrence of a secondary fault is easily triggered. If the faulty switch is not been located in time, fault tolerant operation of the MC cannot be followed by isolating the faulty switch. Issues, including real-time monitoring of the operation state and fault diagnosis of the MC, are gradually brought into sharp focus by the demands for high reliability and long lifespan of MC.
In the existing literature, methods for diagnosing open-switch fault in power converters can be divided into two parts: the signal processing-based approach and the analytical model-based approach [5] . For MC systems, the analytical model-based fault diagnosis approach is most widely used. In [6] [7] , the faulty switch is located by estimating the output current of the MC and comparing this to the actual output current. However, the detection time is too long and these methods cannot detect the fault when the output current is too small. In [8] [9] [10] , the differences between the measured and reference line-to-line voltages are used for fault detection and diagnosis. The problem of these methods is that the voltages sensors are not normally required, these add to the cost and space of the MC system.
The finite control set-model predictive control (FCS-MPC) for MC was first proposed in [11] . It uses the time-discrete model of the MC topology to predict the future values of load currents and decides the most suitable switching state for the next sampling period. The FCS-MPC possesses several advantages, such as fast dynamic response, easy inclusion of nonlinearities and constraints of the system [12] [13] . Currently, the fault diagnosis for the MC with FCS-MPC has not been paid enough attention. In [14] , a fault diagnosis method for MC is proposed by monitoring the load currents to locate the faulty switch. However, error-voltage based fault diagnosis strategy for MC with FCS-MPC has been little investigated.
This paper proposes an error-voltage based open-switch fault diagnosis strategy for MC with FCS-MPC method. First, the normal-mode modeling based on FCS-MPC and the open-switch faulty-mode performance of the MC are presented in Section II. Then, in section III, the fault diagnosis method is described in detail.
Step 1, by monitoring the load current, the fault condition can be detected.
Step 2, by judging three output line-to-line voltage error signals of the MC, the faulty phase could be identified. In this process, the voltage error signals are constructed with simple comparison between the reference and estimated output line-to-line voltages. The reference output line-to-line voltages are based on the switching sates with FCS-MPC, and the estimated output line-to-line voltages are indirectly obtained from the load model, thus no additional voltage sensor is needed.
Step 3, by using the switching state of the faulty phase, the faulty switch could be located. Finally, simulation results are presented to demonstrate the feasibility of the proposed strategy.
II. MODELING OF THE MC SYSTEM
The matrix converter topology is illustrated in Fig. 1 . It consists of nine bidirectional switches, an input filter and a clamp circuit. The bidirectional switches connects a three phase voltage source to a three phase resistance-inductance load for bidirectional energy flow. The input filter is connected between the mains and the converter for avoiding high harmonic distortion in the source current. The clamp circuit consists of 12 fast-recovery diodes to connect the capacitor between the input and output terminals, to avoid overvoltage coming from the grid side and the load side.
For the restriction of the MC topology: the load and the phases of the source cannot be open and be shorted, respectively. The switching states of each load phase must satisfy: (1) where S Xy (X ∈ {A, B, C}, y ∈ {a, b, c}) equals to '1' when S Xy is turned on and equals to '0' when S Xy is turned off, respectively. So the MC can generate 27 valid switching states.
The reference output line-to-line voltages and input currents can be obtained as follows: 
Input filter
Bidirectional switch For the sake of completeness of this paper and for an easy understanding of the faulty operation of an MC, the FCS-MPC that rules the normal operation of an MC will be presented firstly. Then, the faulty operation of MC with an open-switch fault is analyzed.
A. Normal Operation with FCS-MPC [15]
The continuous-time models of input filter and load are given as follow:
Where 1 1 1
Then, the discrete models are achieved as:
where
To obtain the desired load currents and unity power factor for the MC, the following cost function is used:
where the weighting factor λ is empirically adjusted based on [16] . The predicted values of the load currents and the source currents can be obtained according to (7) and (8), respectively. The reference value of load current is given by:
The reference value of source current is given as follow:
The input and output active power can be calculated from equations (13) 
B. Open-Switch Faulty Operation
On the basis of the FCS-MPC, the effect of an open-switch fault on MC performance is discussed. Assume the sampling period is , and switch
is suffering an open-switch fault at the sampling period as highlighted in Fig. 1 . This means that the actual switching functions of will always be zero, hence leading to desired values do not correspond to the real ones. If the current is compared with the expected value, they are significantly different, with this difference exploited later on for fault detection. The equivalent circuit under the described faulty condition is shown in Fig. 2 . By examining (2), the output line-to-line voltages to which the faulty switch is connected will be affected. Under this condition, the load phase-A current flows through both the matrix converter and the clamp circuit and it will be gradually decreased to zero. Meanwhile, since the load phase-A current charges the capacitor of the clamp circuit, the capacitor voltage of the clamp circuit is larger than the maximum input line-to-line voltage , the actual output line-to-line voltages are achieved as: 
Under normal operation, the controller selects the best switching state in every sampling period . However, under single open-switch fault operations, the predictive controller is adjusted to select the same best switching state every three sampling periods. As shown in Fig.3 Under faulty operation, the load model is achieved as follow:
where is the voltage between the load neutral point and the ground point of the power supply.
According to the forward Euler approximation, the derivative part of the load current can be developed by:
Estimated output line-to-line voltages can be obtained by substituting (20) into (19) as follow:
Based on (21), by monitoring the load currents, the estimated output line-to-line voltages under faulty operation are obtained without additional voltage sensors.
As far as the diagnosis of open-switch faults is concerned, the diagnostic technique proposed in Section III of this paper also showed its ability to handle this type of fault using the same diagnostic philosophy, as it will be shown later on.
III. FAULT DIAGNOSIS METHOD
From the discussion in the previous section, the output line-to-line voltages under faulty conditions are not equal to the reference values; furthermore, the load currents are not equal to their reference values. Based on these observations, this section proposes a fault detection algorithm which follows a three-step approach to identify the fault. The first step detects the occurrence of the fault in MC system, the second step identifies the faulty phase and the third step locates the faulty switch.
A. Step 1: Detection of Faulty Case
, the residual of the difference between the measured three-phase load currents and the reference value * , is described as: Based on the analysis above, fault detection is achieved by monitoring the residual and comparing it with the predefined threshold , the value of is determined empirically. When| | > | |for some consecutive sampling periods, the fault is detected. The algorithm to detect the fault is presented as: 
To locate the faulty phase, the error signal is shown as: 
The error signal assigned to the faulty switch phase produce nonzero value, while the error signal designated to the remaining phase are ideally zero. Table I illustrates the error voltage signals ( , and ) under normal and faulty situations. F X (X ∈ {A, B, C}) equals to '1' when the load phase-X is faulty and equals to '0' when the load phase-X is normal. Under normal conditions, whenever the switches are commanded to be closed, the output line-to-line voltages equal to their reference values. As a result, the error voltage signals are ideally zero (in practical cases, they are expected to be a very small value due to the voltage drop across the IGBTs in a conducting state, the imperfections of the modulator, etc.). When single open-switch fault occurs at the switch , the output phase voltage with respect to the supply neutral will change. It will be either the positive or the negative dc-bus voltage of the clamp circuit according to the direction of the output phase current. Consequently, the error signals and considerably rises, while the other error signal preserve a low value, thus, the open-circuit faulty phase can be identified in several sampling periods.
C. Step 3: Location of the Open-Circuit Switch
After the recognition of faulty phase, a method to locate the faulty switch can be obtained. By taking the switching state of the faulty phase into consideration, the algorithm to locate the faulty switch is presented as: is regarded as the faulty switch.
The described technique employs a direct comparison between the reference and estimated output line-to-line voltages to locate the faulty switch, without any requirement of additional voltage sensors. Thus, for the improvement of the MC reliability, based on the proposed detection and identification of the failed switches, fault tolerant operation of the MC drive systems can be followed by isolating the faulty devices.
IV. SIMULATION RESULTS
The fault diagnosis method is verified through the use of a MATLAB/SIMULINK model of MC. FCS-MPC technique is adopted to control the MC. The corresponding component parameters are indicated in Table II .
TABLE II PARAMETERS OF THE SIMULATION

Parameters Value
Source phase voltage ( ) 120V
Source voltage frequency( ) 50Hz
Sampling period ( ) 70us
Input mains and filter inductor ( ) 1.2mH
Input filter capacitor ( ) 22uF
Input mains and filter resistor ( ) 0.1Ω
Input passive damping resistor ( ) 9Ω
Resistor of load (R) 15Ω
Inductor of load ( L ) 9mH
As mentioned before, under normal condition, the MC system is operated with FCS-MPC, which employs a time-discrete model of the MC topology and a cost function to select the best switching state for the next sampling period. However, under faulty condition (the fault is simulated by imposing a permanent zero gate signal to both IGBTs belonging to switch ), the load phase-A current flows through both the matrix converter and the clamp circuit and it is gradually decreased to zero, while the currents in phase-B and phase-C become 180 degrees out of phase. Meanwhile, since the load phase-A current charges the capacitor of the clamp circuit, the capacitor voltage of the clamp circuit is larger than before. Fig. 4 shows the simulation waveforms of load current , load current , load current and clamp capacitor voltage of the MC system with * = 10A, = 60Hz. During normal condition, three load currents are seen to be sinusoid with low distortions. While the load phase-A current is distorted and rapidly decreased to zero after the open circuited fault of occurs at t=0.1s, the load phase-B current and load phase-C current are also effected. At the same time, the value of is increased.
Effectiveness of the proposed fault detection and diagnosis approaches described in section III are evaluated. In the test case, a fault is imposed on the switch at t=0.1s. As shown in Fig. 5(a) , the load currents error becomes greater than soon after the fault occurs and keeps for over five sampling periods. 
V. CONCLUSION
An error-voltage based open-switch fault diagnosis strategy for MC with FCS-MPC method is proposed. The operating state under fault condition is analyzed and then the fault model of MC is built based on FCS-MPC. After that, the fault diagnosis strategy is carried out in three steps to detect and locate the faulty switch: the first step detects the faulty case. The second step identifies the faulty phase. The third step locates the faulty switch. The fault diagnosis strategy can detect and locate the faulty switch only by monitoring the load currents. which is cost-saving and space-saving because no additional voltage sensor is needed. At last, simulation results demonstrate the feasibility and effectiveness of the proposed strategy.
